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Abstract 
The broadband ultrasound attenuation (BUA) and the speed of sound (SOS) are usually measured to evaluate the 
bone density. However, as previous studies showed that the BUA is sensitive to repositioning and soft tissue, the 
reproducibility of measurement will be difficult to achieve. 
     In our system , we used Net Delay Time (NDT) value, pressure detection and several signal-processing 
techniques to obtain the reproducibility. Through in-vivo examinations, the root-mean square coefficient of variation 
(CVRMS%) did not significantly change for SOS(about 0.4),BUA (about 2.2).Comparing with the results of other 
research, we found that the reproducibility of our system was better .© 2010 Published by Elsevier Ltd.
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1. Introduction 
The increasing amount of elderly people all over the world results in the high possibility of more osteoporosis and 
bone fractures. Recently, this problem has spurred the development of the technique for bone-status detecting and 
bone-fracture risk predicting. As we known, Dual-energy X-ray absorptiometry (DEXA) is presently the most 
important and acceptable method for bone detecting in hospitals. But it is not widely used due to its high expense, 
inconvenience, and the reluctance among patients concerning X-ray exposure, particularly in young adults and 
children. 
     Recently, much attention has been paid to the use of ultrasound to detect bone density as it is non-ionizing, 
relatively inexpensive and simple to use. Usually, the detection is performed on the heel bone, the calcaneus. This 
bone is well suited for ultrasonic investigations. It is mainly composed of a trabecular bone and is easy to detect. 
* Corresponding author. Tel.: 0551-5591138. 
E-mail address: ynsun@iim.ac.cn; cyy1983@126.com. 
c⃝ 2010 Published by Elsevier Ltd.
Procedia Engineering 7 (2010) 371–376
www.elsevier.com/locate/procedia
1877-7058 c⃝ 2010 Published by Elsevier Ltd.
doi:10.1016/j.proeng.2010.11.060
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
 Yanyan Chen,et al./ Procedia Engineering 00 (2010) 000–000 
Results from Laugier [1] that two acoustic properties of the heel bone are measured˖ BUA and SOS. Hadji et al.[2] 
found that the bone stiffness index (STI) that represents the bone density can be calculated with BUA  and SOS.   
Unfortunately, due to the transducers positioning and variable amount of soft tissue below and behind the heel, 
the reproduction and stability of measurement from the commercially available ultrasonic densitometers are not 
ideal.  To overcome these difficulties, several groups have attempted to find new indicators of bone properties from 
ultrasonic detecting, such as Litniewski et al.[3] found Mean Frequency (FM) and Trabecular Structure Crossection 
(TSC) , Kaufman et al.[4] found Net Time Delay (NTD) . Although these indicators have been reported in papers, 
the lack of further demonstration has limited their application. 
In our system, we designed embedded hardware and software to measure Net Delay Time(NDT), since the NDT 
value is not correlated to soft tissue. Thus, the exact position of the ultrasonic transducers can be controlled and the 
right place of interest can be easily found. Moreover, the pressure mounted on the heel was measured by force 
transducers. Thus, the interindividual operational variations can be further eliminated. 
In our in-vivo experiments, we found that the ultrasonic results were productive and stable. So we believe that 
this new bone densitometry will be an effective, low-cost, portable and acknowledged device for assessment of bone 
density.  
2. Materials and Methods 
2.1 Instrumentation 
We built a system for in-vivo heel examination (Fig.1). The system consisted of a pair of wideband, flat, 
composite transducers (diameter=16mm) operating at a central frequency equal to 0.50 MHz, one acting as 
transmitter the other as receiver. Dry couplers mounted on the transducers were used to ensure good acoustic 
conduction between the transducers and skin. Dry coupler was developed in our laboratory: it is soft and elastic to 
compensate different shape of foot; furthermore, it is more convenient and firm than other coupler like water or gel 
coupler.
The exciter produces a 150-V, 500-ns pulse to excite the  source transducer. The coaxially located transducer 
receives the ultrasound signal after it has propagated through the heel. Signals from the receiving transducer were 
amplified by AD8627 and were next captured by a 12-bit A/D converter that sampled the ultrasound signal at 20 
MHz. As the speed  of  MCU is not high, we used fast first input first output memory (FIFO) to cache the results of 
A/D converters. After a measurement completed, the FIFO data was sent to PC to analyze. 
On examination, the foot was placed between the dry couplers. By positioning the acoustic heads (2 mm step) the 
area of measurement could be selected through the y-direction stepper motor walking. Then, by increasing the 
pressure in the couplers, the heel was surrounded by soft couplers, which fitted the foot shape. When the preset 
pressure was achieved, the x-direction stepper motor was stopped and the distance was calculated. Better 
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Fig. 1. Simplified block diagram of the system 
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transmission at the skin/coupler interface was ensured by applying medicinal alcohol. 
2.2 Signal processing methods 
The following set of data was collected for each examination: 1°, the reference signal, which is transmitted 
through dry couplers only, 2°, the signal transmitted through the selected heel area, corresponding to the position of  
y-direction stepper motor.  
2.2.1 data smoothing  
Five-point cubic spline interpolation was used to reduce the error of original signals. The method can be described 
in the following way: 
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After smoothing, Signals transmitted through the dry couplers and through the heel (Fig. 2 and Fig.3) were 
obtained. 
2.2.2  obtaining BUA  
Time based signals were captured on our system and then sent to PC for smoothing, and then conversion to the 
frequency domain(Fig.4) via the fast Fourier transform (FFT). A spectrum with the specimen in place was 
subtracted from a spectrum through couplers alone and this different in dB was plotted versus 
frequency(Fig.5).Then the slope of linear regression was determined. The slope of the best linear fit of this plot 
between 0.35 and 0.6 MHz was the BUA value. Signals acquisition and analysis were accomplished using a 
program written by us. This BUA determination conforms with the approach of previous investigators. 
Fig. 2. Signals trasmitted through the couplers Fig. 3. Signal trasmitted through the heel 
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2.2.3 finding  region of interest(ROI)  
     NDT was used to find ROI. Kaufman et al. [4] found that the evaluation of NDT, or NDTW , was obtained 
according to the following equation: 
                                                                                    NDT s sbW W W                                                                           (2) 
where s
W
 and sb
W
 are the delay time (i.e., the times for the pulse to travel from the source to the receiving 
transducers) of ultrasound signals that have propagated through two objects, one containing soft tissue only and the 
other containing both soft tissue and bone tissue, respectively. As shown in Fig. 6,the ultrasound wave propagates 
through a heel, including soft tissue and “pure” bone, which have associated with their ultrasound velocities, s
v
and
bv , respectively. The delay time, sbW , associated with an ultrasound signal propagating through the heel can be 
expressed as: 
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   In eqn (3), bd and sd are the thicknesses of the bone and soft tissue layers, respectively. The delay time, s
W
,
associated with an ultrasound signal propagating through a soft tissue  only medium of equal thickness, d , is given 
by 
                                                                                         s
s
d
v
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Where d  is the distance between source and receiving transducers. It can be calculated using steps of  x-direction 
stepper motor. Meanwhile, we  assumed that s
v
=1540m/s  for all individuals and for all soft tissues has been used 
for decades with excellent results by imaging devices. 
Using eqns (2) through (4), the NDT can  be expressed as 
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In eqn (5),to a constant person, bd , sv are constant values. As we known, bv  is commonly greater than sv ,and the 
greater b
v
,the better bone density. So, the greater NDTW , the better bone density. Fortunately, NDTW  can be easily 
calculated from eqn(2).Thus, we defined the place which had greatest NDTW was the ROI. 
Fig. 4. Signals converted to frequency domain Fig. 5. plotted linear BUA versus frequency 
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2.3 In-vivo measurements 
Twenty person aged 21–57 years (mean age ±SD: 29 ± 10 years) from local employees within the institute staff  
were recruited for this study. For short-term precision, five younger subjects were selected, Ten successive 
measurements were acquired for each subject on a single day with repositioning. The long-term precision was 
obtained from these subjects measured twice per week for 3 months. Proper measurement procedures for quality 
results were implemented. This included capturing the reference signal through the couplers only and cleaning the 
heel with alcohol swabs prior to the start of measurement. 
The results of all parameters(BUA,SOS) were expressed as mean and standard deviation (SD). We assessed the in 
vivo short- and long-term reproducibility in all subjects. Precision is normally calculated as percent coefficient of 
variation(CV%=100*SD/mean). However, since precision was measured for all the studied subjects, it could be 
represented as root-mean square coefficient of variation(CVRMS%).
3. Results and Conclusion 
The ultrasonic results are summarized in Table 1. The precision results indicated that this system had a good 
reproducibility. In other words, the results from our system were  more precise indicators of bone properties. This 
was, we believe, because of two primary factors. 
First, the Net Delay Time (NDT), was used to find the correct place of interest. Since NDT is isolated with 
thickness of soft tissue, the effect of soft tissue can be eliminated during the measurement and positioning error can 
be mostly minimized. 
Second, the force transducers was used to detect the force on the heel. In our approach,  the same force was 
applied on the heel during different measurements, so the same positioning of transducers can be obtained. Thus, the 
measurement errors are further minimized. 
From our in-vivo experiments, we found that our results were consistent with most published data and it was 
more regenerative and stable than the commercially available ultrasonic densitometers. So, we believe that our 
ultrasonic system is a stronger predictor of bone density. 
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